Abstract A high-throughput ion mobility mass spectrometer (IMMS) was used to rapidly separate and analyze peptides and glycopeptides derived from glycoproteins. Two glycoproteins, human α-1-acid glycoprotein and antithrombin III were digested with trypsin and subjected to electrospray traveling wave IMMS analysis. No deglycosylation steps were performed; samples were complex mixtures of peptides and glycopeptides. Peptides and glycosylated peptides with different charge states (up to 4 charges) were observed and fell on distinguishable trend lines in 2-D IMMS spectra in both positive and negative modes. The trend line separation patterns matched between both modes. Peptide sequence was identified based on the corresponding extracted mass spectra and collision induced dissociation (CID) experiments were performed for selected compounds to prove class identification. The signal-to-noise ratio of the glycopeptides was increased dramatically with ion mobility trend line separation compared to non-trend line separation, primarily due to selection of precursor ion subsets within specific mobility windows. In addition, isomeric mobility peaks were detected for specific glycopeptides. IMMS demonstrated unique capabilities and advantages for investigating and separating glycoprotein digests in this study and suggests a novel strategy for rapid glycoproteomics studies in the future.
Introduction
Ion mobility spectrometry (IMS) [1] separates gas phase ions according to ions' traveling velocities under the influence of an electric field in a counter flow of neutral gas through an ion mobility drift tube. IMS has been demonstrated as a powerful detection tool for drugs, explosives and chemical warfare agents [2] [3] [4] . When IMS is combined with mass spectrometry (MS), a novel analytical method called ion mobility mass spectrometry (IMMS) is created [5] . The application of IMMS to complex biological samples has become one of the most rapidly growing areas in the MS field. High throughput separation capability demonstrated by IMMS has found great utility in life science research, such as metabolomics [6, 7] , glycomics [8] [9] [10] and proteomics [11] [12] [13] . The unique benefits include charge state and molecule class separation (glycans, peptides and lipids etc.) [14, 15] in the form of different trend lines on the basis of 2-D IMMS spectra as well as separation of isomeric precursor ions of biological origin [16] .
Glycoproteomics identifies and characterizes proteins having carbohydrates as post-translational modifications [17] . Aberrant protein glycosylation is related to various diseases [18] including cancer and immune system deficiencies [19] . Current analytical techniques normally require the physical separation of glycans and peptides for analyses [20] , which are known as glycomics and proteomics, respectively, and often require tedious sample preparation. Direct analysis of protease digested glycoproteins employs liquid chromatography (LC) separation followed by MS or MS n measurements [21, 22] . Among the numerous LC peaks detected in such analyses, it is difficult to assign peak identities (such as specific peptides and unique structures of glycopeptides). Moreover, no specific patterns have been observed, making analysis considerably more difficult. Compared to the applications of IMMS in the analysis of glycans and peptides, limited studies have been demonstrated for analysis of glycopeptides by IMMS. Mclean et al. [23] reported a related study in 2009, however, the analysis was based on a deglycosylated form of the enzymatically digested glycoprotein. The analyte was a mixture of glycans and peptides and in fact, IMMS separation of glycans and peptides was demonstrated. Olivova et al. [24] separated light and heavy chains of a reduced antibody in the gas phase using IMMS. Additionally, they determined the glycosylation site as well as the glycan sequence using the unique dual-collison-cell design of the instrument. Both studies were performed using traveling wave ion mobility mass spectrometry (TWIMMS) [25] . The TWIMMS instrument is a hybrid quadrupole/ion mobility/orthogonal time of flight MS and has been widely described in the literature [26] . The mobility separation employs traveling wave ion guide technology, having a non-homogeneous electric field under reduced pressure.
In the analysis of glycopeptides derived from glycoproteins, there are three important questions to be addressed. (1) What is the peptide sequence containing the glycosylation site(s), both for N-and O-linked glycosylation and for clustered sites? (2) Where is/are the glycosylation site/sites on a peptide? (3) What are the structures and structural heterogeneity, including isomeric heterogeneity, of the carbohydrate components? Information about which components are glycopeptides, and partial information for the nature of the carbohydrate components can be obtained through collision-induced dissociation (CID), which preferentially cleaves glycopeptides at glycosidic linkages. Partial information for the peptide sequence can be obtained currently using electron transfer dissociation (ETD), both for O− and N-linked glycopeptides, hence the use of both methods in combination typically yields more information about the nature of glycopeptides [27] [28] [29] [30] . A key remaining issue, however, is the isomeric heterogeneity at glycopeptide sites. The presence of a peptide component linked to individual carbohydrate isomers makes the problem of their separation and independent analysis even more difficult than resolution of the carbohydrate isomers themselves. Yet the question as to the specific nature of each carbohydrate variant at each specific peptide site and their relative percentages is an important one to be addressed to fully understand their biological roles. Here, we report an application of IMMS to glycoproteomics in which proteolytic digested glycoproteins were investigated directly, without deglycosylation, by traveling wave ion mobility mass spectrometry. The hypothesis was that glycans attached to peptides would have different ion densities and form identifiable trend lines in the IMMS spectra. To test this hypothesis, two common glycoproteins were digested with trypsin and the resultant entire mixture of peptides/glycopeptides was evaluated by IMMS.
Experimental

Chemicals and materials
Formic acid (FA), methanol and water (LC-MS grade) were purchased from Thermo Fisher Scientific Inc. An equal volume mixture of methanol and water was used as the electro-spray ionization (ESI) solvent, and 0.1 % FA was added to the ESI solvent for positive mode studies. Two glycoproteins, human α-1-acid glycoprotein (AGP) and human antithrombin III (ANT III), were investigated. Both glycoproteins were obtained from the Red Cross. The AGP was desialylated by treatment with 0.1 N H 2 SO 4 for 1 h (the original hydrolysis conditions described by Spiro [35] ), followed by neutralization with sodium bicarbonate and thorough dialysis against water, then freeze-dried. The ANT III was used without removal of sialic acid. The glycoproteins were digested at 1 mg/mL with trypsin (two additions, 24 h apart, 1/20 mg/mg relative to the glycoproteins) for 48 h at pH7.4 in 20 mM ammonium bicarbonate containing 20 % acetonitrile, and then frozen and freezedried. A concentration of 0.2 mg/mL AGP digest and 0.4 mg/mL ANT III digest were subjected to ion mobility analysis in both positive and negative modes. Acetonitrile and all the chemicals used in the processes of desialylation and trypsin digestion were purchased from Sigma-Aldrich (St. Louis, MO) and used directly.
Instrument
IMMS experiments were performed on a Synapt G2 High Definition Mass Spectrometer (HDMS) (Waters Corp., Manchester, UK) in both positive and negative modes. It is a hybrid quadrupole/traveling wave ion mobility/orthogonal high resolution TOF MS and has been thoroughly described [25, 26, 31, 32] . For traveling wave ion mobility separations, a wave height of 40 V and a wave velocity of 650 m/s were employed. Trap release time was 200 μs and the separation delay after trap release was 450 μs. Nitrogen with a flow rate of 90 mL/min was used as drift gas, resulting in a pressure of~3.5 mbar for ion mobility separation. According to Td (Townsend) = E/N, where E is the electric field in V/cm, N is the number density in cm −3 , the current experimental settings resulted in a maximum Td value of 115 V cm 2 . For IMMS experiments of glycoproteins, the data acquisition time was 3 min for the positive mode and 5 min for the negative mode studies. Selected fragmentation experiments occurred in the trap cell located in front of the ion mobility separator by elevating the collision energy (CE). Samples were injected into the ESI source directly using a syringe pump (Chemyx Inc., Stafford, TX) at a flow rate of 3 μL/min. The program Masslynx V4.1 (Waters Corp., Manchester, UK) was used to collect and analyze the MS data. The 2-dimensional IMMS spectra were generated using the program Driftscope V2.2 (Waters Corp., Manchester, UK). Other instrumental parameters are included in Table S1 in the supporting information.
Results and discussion
Human α-1-acid-glycoprotein in positive IMMS mode Human α-1-acid glycoprotein (AGP) is a single polypeptide chain of 183 amino acids with~45 % carbohydrate content at five different N-linked glycosylation sites [33] . The AGP gene encodes two major variants, AGP1 and AGP2, having a 22 amino acid difference. AGP is involved in a number of activities of potential physiological significance, where an immunomodulatory function as well as binding activities have been shown to be dependent on the carbohydrate moiety [33] . The glycosylation patterns of AGP have been extensively characterized [21, 22, 34, 35] , expressing di-, tri-and tetra-antennary glycan structures, with many isomeric carbohydrate structures known to be present [34, [36] [37] [38] . Each of the glycosylation sites (Asn-15, −38, −54, −75, −85) can be occupied by branched oligosaccharides of various structures composed of hexose (Hex), Nacetylhexosamine (HexNAc) and fucose (Fuc), resulting in a carbohydrate-rich complex protein. Note that AGP was desialylated in this study, thus no sialic acid was found in the carbohydrate structures. Figure 1 displays the 2-D IMMS plot of the AGP trypsin digest with drift time (ms) on the x axis and m/z on the y axis; five separate trend lines were observed. They were identified as trend line I: +1 charged peptides, trend line II: +2 charged peptides, trend line III: +2 charged glycopeptides, trend line IV: +3 charged glycopeptides and trend line V: +4 charged glycopeptides. The class identification was based on the extracted mass spectra (m/z values) from each region and on further fragmentation experiments with a detailed analysis as shown in subsequent figures. Thus in a single analysis by IMMS, peptides and glycopeptides were able to be distinguished in different 2-D regions. Clear charge state separation was also achieved, with up to 2+ peptides and 4+ glycopeptides. In comparison to MS analysis alone, the added separation capability of ion mobility enables the complex biological mixture to be rapidly organized into specific 2-D patterns based on their structural similarities. Bio-molecular structural separation by IMMS has been shown previously, however, this is the first example of the trend line separation of peptides and glycopeptides with different charge states, which is difficult or impossible to achieve with other analytical separation techniques such as GC and LC. Mass spectra extracted from trend lines I (+1 charged peptides) and II (+2 charged peptides) are displayed in Fig. 2a Table S2 in the supporting information. Additionally, peptide fragments were observed using ESI in this study, presumably resulting from in-source fragmentation. The overall peptide data results in a~40 % coverage of the amino acid sequence for AGP1 and~35 % for AGP2. The relatively low peptide sequence recovery rate may arise in part from an inefficient enzyme digestion, since large glycan moieties at multiple sites may hinder proteolysis and the possibility of missed cleavages increased for the sites close to glycosylated asparagines. Further investigations will be required to identify the source of this low peptide recovery rate. No protein reduction and alkylation were performed prior to trypsin digestion in this study, which may also affect m/z 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 is Δm=22. c An extracted mass spectrum corresponding to +4 charged glycopeptides (trend line V in Fig. 1 ). C-1 shows the expanded mass spectra and S/N ratios for the m/z 1343.4 precursor ion region derived from the mixture (top) and following IMMS, derived from the trend line (bottom). The inset in each spectrum on the right illustrates the isotopic patterns for a +2, +3 and +4 charged glycopeptide, respectively Unidentified compounds with systematic mass differences the results. Unidentified peaks in Fig. 2 could result from trypsin autodigestion, peptide fragments generated during electrospray, impurities in the sample or any other potential peptide modifications. Figure 3 shows extracted mass spectra for trend lines III (+2 glycopeptides), IV (+3 glycopeptides) and V (+4 charged glycopeptides), respectively. The inset on the right in each spectrum demonstrates the isotopic patterns characteristic of +2, +3 and +4 charged ions. In mixtures, glycopeptides usually have much lower ionization efficiency and sensitivity than peptides, making their analysis more difficult. In direct analysis of glycopeptide digests, peptide components normally tend to dominate the abundance of precursor ions isolated for the mass analyzer, hence ion statistics of glycopeptides selected for MS/MS are often poor. With the added ion mobility trend line separation, the signal (S) to noise (N) ratio of glycopeptides has been greatly improved, mostly as the result of removal of many of the unglycosylated peptides within selected ion mobility time windows. For example, as shown in Fig. 3c-1 , the S/N ratio was 2 for m/z 1343.4 with MS only (top spectrum), whereas the ratio increased 10-fold using IMMS separation (bottom spectrum). It is common that carbohydrates tend to form sodium adducts and peptides normally adopt up to two protons in the positive mode. Charge competition between Na + and H + was observed for several glycopeptides, since both glycan and peptide are contained in a single compound. Correlated m/z peaks with a mass difference of 22 (m/z difference of 11) were observed for the majority of +2 charged glycopeptides. Table S3 in the supporting information 1140.5 and 1264.6) were at higher abundance in this case. Improved sensitivity may be explained in that glycopeptides coordinate with Na + ions more easily as the carbohydrate portion becomes larger. This scenario was not observed for +4 charged glycopeptides, where the charge distribution appeared to involve two Na + ions adducted to the glycan and two H + ions on the peptide chain. Trend line separation provided additional information that was not available with MS analysis alone. To further validate the trend line identities, fragmentation experiments were performed for selected m/z values and representative examples are shown in Fig. 4 . Figure 4a shows the MS/MS spectrum for the singly charged peptide m/z 994.5 having the sequence TEDTIFLR. The b and y product ions that were observed matched with the precursor ion peptide sequence. The MS/MS spectra of +2 (m/z 1885.4) and +3 (m/z 1264.6) charged glycopeptides from trend lines III and IV are displayed in Fig. 4b and c, respectively. They both showed sequential carbohydrate unit losses of Hex, HexNAc or Fuc as displayed in spectra. Thus, fragmentation analysis further supported the trend line assignments in Fig. 1 . More fragmentation examples of glycopeptides were demonstrated and the spectra are included in Fig. S1 and Fig. S2 in supporting information where primarily sugar monomer unit losses were observed as well. AGP is a highly glycosylated protein, where +4 charged glycopeptides, especially for glycoforms with tri or tetraantennary glycans, are expected as has been reported previously [24, 33] . Even though no direct fragmentation evidence was obtained for the +4 charged ions due to their low abundance in the sample, trend line V was exclusively assigned to +4 charged glycopeptides. composed of hexose (Hex), N-acetylhexosamine (HexNAc), fucose (Fuc) and sialic acid (SA) [39, 40] . It functions as a plasma protease inhibitor with physiological anticoagulant activity, circulating in the blood and becoming active when associated with glycosaminoglycans [41] . Figure 5 displays the IMMS spectrum of ANT III digested with trypsin in the positive mode. The ions were distributed on trend lines I, II and III with class identification of +1 charged peptides, +2 charged peptides and +3 charged glycopeptides, respectively. Their corresponding mass spectra and evidence from dissociation are discussed below. More peptides were observed than glycopeptides for ANT III compared to AGP. This is not surprising since ANT III is a much larger protein and has lower carbohydrate content than AGP. It was observed that the separation between trend lines II and III was slightly obscured in this example. This could presumably be improved by using higher resolution IMS. The traveling wave ion mobility resolving power [32] in this study was 30-40. It is worth noting that trend line IV denotes a class of compounds with systematic mass differences that may result from the matrix used during the sample preparation or purification steps and is not identified here. A mass spectrum of this trend line (Fig. S3) and an expansion are contained in the supporting information, indicating the presence of some highly regular polymer or polymers as contaminants of the electrosprayed sample. In addition, the region between trend lines III and IV contained high noise levels according to the extracted mass spectrum. IMMS was able to separate the chemical noise from the analytes of interest and was also able to provide information regarding the sample purity. Figure 6 displays the extracted mass spectra for corresponding trend lines of ANT III. The majority of peaks (labeled with asterisks) in Fig. 6a Table  S3 of the supporting information. A 40 % coverage of the amino acid sequence of ANT III was obtained. This relatively low value could be due to inefficient trypsin digestion as discussed above. Figure 6c is the mass spectrum for trend line III containing triply charged glycopeptides. A series of peaks with mass differences of 22 were observed as shown in the inserted window. However, the situation was different from the charge competition discussed for AGP above. Where all the H + ion adducts are replaced by Na + ions stepwise for +3 charged glycopeptides, only four correlated peaks (having mass differences of 22) should be observed which did not match with the experimental spectrum displayed in Fig. 6c . This indicates that an additional -OH has been converted to -ONa, this is likely due to the many hydroxyl groups available on the carbohydrate portion in this specific example. Moreover, it also reflects that a relatively high amount of sodium salt was present in the sample. 
AGP and ANT III in negative IMMS mode
We also evaluated the behavior of glycopeptide ions in negative mode operation of the IMMS instrument. Figure 8 displays the 2-D IMMS plot of a trypsin digest of AGP in negative mode. Five trend lines were observed including −1 and −2 charged peptides and −2, −3 and −4 charged glycopeptides. The trend line separation obtained was consistent with the results obtained in the positive mode. Fewer ions were observed in the negative mode as compared to the positive and this is attributed mainly to the low ionization efficiency of compounds in the negative mode. Data analysis was performed as described above. The extracted mass spectra for trend lines I to V (Fig. S4 ) and the fragmentation spectra for selected glycopeptides (Fig. S5 and Fig. S6 ) are included in the supporting information. The negative mode 2-D IMMS plot of the ANT III tryptic digest is shown in Fig. 9 . Four trend lines were assigned: they were −1 and −2 charged peptides, −3 charged glycopeptides and unidentified compounds with systematic mass differences, which matched with the positive mode results well as shown in Fig. 5 . The region at the bottom of the spectrum was identified as noise according to the extracted mass spectrum (Fig. S7 in supporting information) . The same respective region was only slightly visible in the positive mode. The difference may be due to the lower relative sensitivity and S/N ratio in the negative mode as compared to the positive and could be improved by increasing the sample concentration and the data acquisition time. The extracted mass spectra for individual trend lines and MS/MS spectra for selected glycopeptides are displayed in Fig. S8 and Fig. S9 in the supporting information, respectively. The negative mode trend line separation for glycoprotein digests further confirmed and demonstrated the unique separation capability of IMMS, where compounds with structural similarities were able to be grouped into specific 2-D IMMS trend patterns when derived from a complex biological mixture.
Glycopeptide isomer differentiation IMS is capable of separating isomeric compounds rapidly [8, 10, 13, 15, 16] based on the ion's collision cross section. Figure 10 displays the traveling wave ion mobility spectra of four selected glycopeptides (a) m/z 737.7 with three positive charges from ANT III; (b) m/z 927.0 with three positive charges from AGP; (c) m/z 1208.0 with two negative charges from AGP; (d) m/z 1333.6 with two positive charges from AGP. More than one mobility peak was observed for specific glycopeptides, representing different stereochemical isomers at a single m/z. There were two fully resolved mobility peaks for m/z 737.7; two partially differentiated mobility peaks for m/z 927.0; two isomeric mobility peaks for m/z 1208.0 and a broad mobility peak with barely resolved shoulders for m/z 1333.6. This probably resulted from structure heterogeneity of the carbohydrate components contained in glycopeptides, which may indicate that specific peptides are linked to different carbohydrate isomers. However, the mobility separation shown in Fig. 10 is more complex than the resolution of carbohydrate stereo-or branch isomers themselves. The peptide portion and the interaction between peptide and glycan also affect the overall structural configuration of a glycopeptide, which would influence the mobility resolution. Beside the representative examples in Fig. 10 , the majority of glycopeptides had a broad mobility peak detected similar to Fig. 10d , demonstrating that multiple structure variants may co-elute. IMS systems with higher resolving power would be needed for complete and better separation among glycopeprtide isomers.
Conclusion
In this study, we demonstrate the use of ion mobility mass spectrometry to separate and identify peptides and glycopeptides (from trypsin-digested glycoproteins) having different charge states, using both positive and negative ESI. Only standard proteolytic digestion was needed for IMMS analysis, where glycopeptide components separated from peptides in unique 2-D trend regions. This enabled glycopeptides or peptides to be isolated in individual mobility windows in the millisecond time frame with far fewer peptide components, which would typically require LC separations to achieve, sometimes over the course of hours [36] . Overall, the advantages provided by IMMS include structural trend line and charge state separation, millisecond timescales, the capability to assess isomeric heterogeneity of ionic species and reduced chemical noise for the improved detection of low abundance ions. These results may lead to the development of novel strategies for high throughput identification of complex glycoproteins.
